Objectives: Spondylodiscitis has historically been a difficult clinical diagnosis. Two imaging techniques that address this problem are magnetic resonance imaging (MRI) and combined bone ( 99m Tc-methylene diphosphonate) and gallium-67 single-photon emission computed tomography-computed tomography (SPECT-CT). Their accuracies have not been adequately compared. The purpose of this study is to compare the sensitivities and specificities of bone and gallium SPECT-CT and MRI in infectious spondylodiscitis. Methods: This retrospective study assessed all patients who underwent a bone or gallium SPECT-CT of the spine to assess for infectious spondylodiscitis from January 1, 2010, to May 2, 2012, at a single tertiary care centre. Thirty-four patients (23 men; average 62 AE 14 years of age) were included. The results of the bone or gallium SPECT-CT were compared against MRI for all patients in the cohort who underwent an MRI within 12 weeks of the SPECT-CT. A diagnosis of spondylodiscitis in the discharge summary was considered the reference standard, and was based on a combination of clinical scenario, response to therapy, imaging, or microbiology. Results: Spondylodiscitis was diagnosed in 18 patients and excluded in 16. Bone or gallium SPECT-CT and MRI had similar (P > .05; k ¼ 0.74) sensitivities (0.94 vs 0.94), specificities (1.00 vs 1.00), positive predictive values (1.00 vs 1.00), negative predictive values (0.94 vs 0.80), and accuracies (0.97 vs 0.95) when compared to the reference standard. Conclusion: Although MRI remains the initial modality of choice in diagnosing spondylodiscitis, bone and gallium SPECT-CT appears diagnostically equivalent and should be considered a viable supplementary or alternative imaging modality particularly if there is contraindication or inaccessibility to MRI.
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Key Words: Bone scan; Gallium scan; Infectious spondylodiscitis; Magnetic resonance imaging; Single-photon emission computed tomography Spondylodiscitis refers to any inflammation of the vertebrae and intervertebral discs, where infectious spondylodiscitis is the most common etiological subtype. It can be pyogenic, granulomatous, or parasitic [1] . Although rare, it is one of the major and serious manifestations of hematogenous osteomyelitis in patients older than 50 years of age (3%-5% of all cases, 2%-17% mortality) [2, 3] . The diagnosis is based on clinical, laboratory, and radiological features and is notoriously difficult to make due to the rarity of the disease, the ubiquity of back pain as a presenting complaint, and the insidious onset of vague and nonspecific clinical symptoms. As a result, the diagnosis is often missed or delayed. The frequency is increasing due to a growing susceptible population (intravenous drug users, rise in health careeassociated infections, increasing spinal surgery, and increasing survival of the elderly or immunosuppressed) as well as improved diagnostic tests [3] .
Laboratory tests are sometimes sensitive but not specific; for example, erythrocyte sedimentation rate (ESR) and Creactive peptide (CRP) are elevated in more than 90% of cases, but do not necessarily indicate infectious spondylodiscitis. White blood cell count is the least useful of the inflammatory markers as it is only elevated in one-third to one-half of cases, even less among the susceptible immunocompromised patient population [4] . Among the hematological markers, CRP is regarded as the best inflammatory marker in following disease [5] . Microbiological investigations, namely blood cultures and biopsies (percutaneous or open surgical), are crucial as they allow tailoring of antibiotic therapy to the pathogen. The yield from blood cultures is between 40%-60% for pyogenic spondylodiscitis [6] . A percutaneous computed tomographye or fluoroscopyguided biopsy should be performed when the pathogen is not identified on blood cultures. The diagnostic yield of these biopsies is 43%-78% [1] , likely increasing with repeat biopsies (79% following repeat biopsy) [7] , and decreasing with prior antibiotic use [8] .
Imaging plays a critical role not only in making the diagnosis, but also in identifying the specific location or spinal level and guiding biopsies. Although many imaging options are available to aid clinicians in making the diagnosis, the 2 most commonly utilised imaging techniques include magnetic resonance imaging (MRI) and the nuclear medicine scan utilising a combination of 99m Tc-methylene diphosphonate (MDP) and gallium-67 (Ga-67) scintigraphy with single-photon emission CT combined with conventional CT (SPECT-CT) [9, 10] . The accuracies of these 2 techniques have yet to be directly compared in a clinical setting. Accordingly, the purpose of this study is to compare the sensitivities and specificities of bone or gallium SPECT-CT and MRI in the diagnosis of spondylodiscitis.
Methods

Study Design
This retrospective cohort study assessed all patients who underwent a bone or gallium SPECT-CT of the spine to assess for spondylodiscitis from January 1, 2010, to May 2, 2012, at a single tertiary care centre. The Human Research Ethics Board at our institution approved the study design. The results of the bone or gallium SPECT-CT were compared against MRI of the spine for all patients in the cohort who underwent an MRI within 12 weeks of the SPECT-CT. For all imaging studies, the dictated clinical reports were used to determine if the studies were positive or negative for infectious spondylodiscitis. These imaging results were compared with the reference standard of the overall clinical diagnosis of spondylodiscitis in the patient's hospital discharge summary. In all cases, it was based on a combination of clinical impression, response to therapy, imaging, and/or microbiology.
Imaging
Bone scan
All imaging was performed using routine clinical scan protocols; 740-1110 MBq (20-30 mCi) of MDP was used as the radiotracer. A 3-phase scan (blood flow, blood pool, and delayed phase) was acquired using a dual head large-field-ofview gamma camera equipped with low-energy, high-resolution, parallel-hole collimators. A 20% window centred on the 140 keV photopeak was used. Dynamic imaging of the region of interest was acquired at 1 frame every 2 seconds for 60 frames using a 64 Â 64 matrix starting immediately after injection of the radiotracer (blood flow phase). Using a 256 Â 256 matrix and until counts reached 300,000, a blood pool image was acquired immediately after the dynamic images. Static images of the region of interest were obtained 2-4 hours later using the same acquisition parameters but reaching 1,000,000 counts. SPECT-CT (16-slice Philips Precedence; Philips Healthcare, Andover, MA, USA) was performed after the planar imaging using 128 angular samplings, 20 seconds per sample, and a 128 Â 128 matrix. Images were reconstructed using ASTONISH iterative reconstruction (4 iterations, 16 subsets, uniform start, decay correction applied). The CT parameters were as follows: 70 mAs, 120 kVp, 5 mm slice thickness reconstructed at 2 mm intervals, 600 mm field of view, and 512 Â 512 matrix. The SPECT-CT images were reviewed in axial, coronal, and sagittal planes using Extended Brilliance Workstation software (Philips Healthcare, Andover, MA, USA) or Oasis software (Segami Corporation, Columbia, MD, USA).
Gallium
Following the bone scan component, Ga-67 was administered and images were acquired 48-72 hours later using a large field of view gamma camera equipped with mediumenergy parallel hole collimator. Energy discrimination was accomplished using a 20% window centred on the 93, 184, and 300 keV. Static images of the region of interest were obtained using a 256 Â 256 Â 16 matrix until 600,000 counts were achieved. SPECT-CT (16-slice Phillips Precedence; Phillips Healthcare, Andover, MA, USA) was performed following planar imaging; 128 angular samplings of 40 seconds per sample were acquired using a 128 Â 128 Â 16 matrix. Images were reconstructed in the axial, coronal, and sagittal planes.
MRI
MRI studies were performed on a 1.5-T clinical magnet (Magnetom Avanto, Siemens, Malvern, PA, USA). A typical lumbar spine protocol for infectious spondylodiscitis includes acquisition of pre-contrast sagittal T1-, sagittal T2-, sagittal short-time inversion recoverye, axial T1-, and axial T2-weighted sequences. Postcontrast (Gadovist; Bayer Inc., Toronto, ON, Canada) T1-weighted axial and sagittal images with fat suppression were also acquired. Images were obtained using a 256 Â 256 matrix, 4 mm slice thickness, and 2 mm interslice gap. Diffusion-weighted images were not routinely performed.
Image Interpretation
Department imaging characteristics used to diagnose infectious spondylodiscitis on a bone or gallium SPECT-CT study include a suspicious bone scan for osteomyelitis (ie, 3-phase positivity with focal hyperperfusion, hyperemia, and increased uptake on the delayed images ideally in the adjacent endplates of an intervertebral body). Combined with the gallium scan, the study was classified as positive for infectious spondylodiscitis when the distribution of the 2 radiotracers was spatially incongruent (ie, increased gallium uptake in the disc space compared to increased MDP uptake in the endplates) or the relative intensity of the gallium was greater than that of the MDP.
Standard department imaging characteristics used clinically to diagnose infectious spondylodiscitis on MRI include edema in the intervertebral disk and adjacent vertebral bodies (decreased T1 and increased T2 signal), loss of disk space height, endplate erosions or vertebral body height loss, postcontrast tissue enhancement, and abscess formation.
Statistics
Statistical analyses were performed using Stata 12.1 (StataCorp, College Station, TX, USA) software. Univariate comparisons of continuous variables (sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of the imaging techniques) were done using 2-tailed t tests. Comparison of the sensitivities and specificities at various levels of the spine were performed using a standard chi-square test. The significance level for all tests was set at P < .05. Agreement between bone and gallium SPECT-CT and MRI was evaluated for the 21 patients undergoing both imaging modalities using Cohen's kappa (k).
Results
Patient Characteristics
Thirty-four patients underwent a bone or gallium SPECT-CT to evaluate for spondylodiscitis between January 1, 2010, and May 2, 2012. All patients, 23 men and 11 women with an average age of 62 AE 14 years, were included in the study and none were excluded. Specific imaging of the cervical, thoracic and lumbar spine was carried out in 1, 13, and 20 patients, respectively; 21 patients had undergone a MRI within 12 weeks of the nuclear medicine study for the evaluation of spondylodiscitis. The average time between the diagnostic tests was 21 AE 26 days.
Diagnostic Test and Patient Outcomes
Spondylodiscitis was the final discharge diagnosis in 18 patients, while it was excluded in 16 (Table 1 ). An example of positive bone and gallium SPECT-CT and MRI is shown in Figure 1 . Bone-gallium SPECT-CT correctly identified the diagnosis in 17 of 18 patients and successfully excluded it in 16 of 16 patients. Similarly, MRI correctly identified the diagnosis in 16 of 17 patients and successfully excluded it in 4 of 4 patients. Each scan type had a single patient with a false negative result, which was then subsequently identified on further imaging with the other modality due to high degree of clinical suspicion. In 1 of these patients, the bone and gallium scan was interpreted as degenerative change, while the MRI correctly identified spondylodiscitis 19 days after the bone or gallium scan. In the other patient, bone or gallium scan identified both an empyema and spondylodiscitis, while the MRI only commented on the empyema 3 days beforehand. These numbers translate to similar sensitivities (0.94 vs 0.94; P > .05), specificities (1.00 vs 1.00; P > .05), positive predictive values (1.00 vs 1.00), negative predictive values (0.94 vs 0.80), and accuracies (0.97 vs 0.95) for bone or gallium SPECT-CT and MRI when compared to the reference standard (documented discharge diagnosis). The kappa statistic shows substantial agreement between the 2 imaging modalities (bone and gallium SPECT-CT and MRI; k ¼ 0.74; 95% confidence interval: 0.40-1.00). Sensitivities and specificities between the 2 diagnostic tests were similar regardless of disease location (thoracic or lumbar spine; P > .05).
Discussion
This study suggests that bone and gallium SPECT-CT is equivalent to MRI in the diagnosis of infectious spondylodiscitis. These findings are in keeping with other similar small studies [11] . In comparison to Love et al [11] and Modic et al [12] , this study had a slightly higher overall accuracy in both the bone or gallium nuclear medicine scan (0.97 vs 0.92-0.94) and MRI (0.95 vs 0.83-0.92), which may be within error or possibly related to improved image interpretation from improvements in technology. For example, Modic et al used a 0.6-T magnet compared to 1.5-T magnets commonly found in practice today. Similarly, although SPECT was utilised, superimposition of the SPECT data on a CT for anatomy and attenuation correction was not available or performed. The more recent studies, including this study, used SPECT-CT as is the current recommended guideline [12] . Either way, both of these modalities present excellent imaging options and together are the current accepted standard for imaging spondylodiscitis [13] .
Given its availability, reliability, lack of ionizing radiation, and level of anatomical detail, MRI is typically the first line choice of imaging. However, MRI may be contraindicated in some patients and has certain challenges when it comes to diagnosing spondylodiscitis. These challenges include differentiating degenerative changes from infectious spondylodiscitis (although the apparent diffusion coefficient values may help) [14] , evaluating post-operative infections (particularly in the first 6 months after surgery) [15] , and imaging in the presence of hardware (a relative contraindication). Consequently, radiologists need to be aware of bone and gallium SPECT-CT as an alternative or supplemental imaging modality. Our study demonstrates a supplemental role in the 2 false negative cases, which were correctly diagnosed by the other imaging modality.
There has been recent interest in using 18 F-fluorodeoxyglucose (FDG) positron emission tomography (PET)-CT in the diagnosis of spondylodiscitis. A recent, small study including 18 patients with confirmed spondylodiscitis found improved accuracy in the diagnosis of infectious spondylodiscitis using FDG PET-CT than combined planar bone scan with Ga-67 SPECT-CT (0.88 vs 0.79) [13] . It should be noted that their study had a lower reported accuracy for combined bone or gallium SPECT-CT than previously described in the literature (even lower than that reported for planar imaging). More typically, bone and gallium SPECT-CT has been shown to have an overall accuracy similar to that found with PET-CT, reported to be between 0.86 and 1.00 [11, 12, 16, 17] .
Bone or gallium SPECT-CT has its own disadvantages including prolonged study time (at least 2 days), potentially limited radiotracer availability, and ionizing radiation exposure. Although Ga-67 imaging alone has been successfully used to diagnose spinal osteomyelitis with a high accuracy in some reports (0.92), the dual radiotracer technique of bone or gallium is the standard of care [11] .
With respect to infectious spondylodiscitis, the best method to image follow-up cases post-treatment remains uncertain. Currently, follow-up in patients with spondylodiscitis is clinical and biochemical using CRP [18, 19] , although there is high clinician demand for imaging correlation. Unless there is an increasing CRP or poor response to antibiotics, there is no current role for imaging in these patients, as abnormal MRI findings persist or worsen despite successful antibiotic therapy and do not correlate with clinical features [20, 21] . Nuclear medicine studies such as bone or gallium SPECT-CT and FDG PET-CT can potentially be used quantitatively and thus represent a theoretical option for following disease resolution, although this has yet to be proven clinically. There is a need for prospective research assessing the value of bone or gallium SPECT-CT or FDG PET-CT following treatment and resolution of infectious spondylodiscitis.
This study is strengthened by being performed in a clinical setting, but limited by its retrospective design. As such, not all patients underwent both imaging modalities to allow for a complete comparison. Further prospective research is required. In addition, although the number of patients in this study was small given the rarity of the disease, this study does add to the small body of evidence available comparing MRI to bone and gallium SPECT-CT in a Canadian setting. The logical next step is a prospective trial comparing each of the modalities as well as FDG PET-CT in both the diagnosis and follow-up of infectious spondylodiscitis.
In summary, our study demonstrates that bone and gallium SPECT-CT appears equivalent to MRI in the diagnosis of infectious spondylodiscitis in a Canadian clinical setting. The 2 methods can be complimentary and together represent the current imaging standard in infectious spondylodiscitis. Prospective research is needed to compare bone and gallium SPECT-CT to other imaging modalities demonstrating high accuracy (eg, MRI and PET-CT) in order to better delineate its role in not only the diagnosis of infectious spondylodiscitis, but also in determining treatment efficacy and disease resolution.
